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Non-adiabatic loading of a Bose-Einstein condensate into the ground state of an
optical lattice
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We present a scheme for rapidly loading a Bose-Einstein condensate into a single Bloch state of a
weak optical lattice at a quasi-momentum of q = h¯k. Rabi cycling of the Bose condensate between
momentum states is modified by a phase shift applied to the lattice. By appropriately choosing
the magnitude and timing of the phase shift, we demonstrate nearly perfect loading of the lattice
ground state, the signature of which is an abrupt halt to the Rabi cycling.
PACS numbers: 03.75.Lm, 32.80.Qk
Recent experiments involving the manipulation of
Bose-Einstein condensates (BECs) [1, 2, 3] in optical lat-
tices highlight some of the remarkable features of quan-
tum states of matter. The first experiment involving a
Bose condensate and an optical lattice was performed
by Anderson and Kasevich [4] observing the interference
of atomic de Broglie waves tunneling through a lattice
due to gravity. Optical lattices at the Bragg condition
have been used to demonstrate a coherent beam splitter
for de Broglie waves [5] and to make spectroscopic mea-
surements of condensate momentum distributions [6]. A
diverse range of other experiments has been performed
using BECs in optical lattices [7, 8, 9, 10, 11, 12, 13, 14],
involving a wide variety of parameters and techniques.
One reason for this strong interest in optical lattices is
their potential application in quantum information pro-
cessing [15, 16, 17], where precise control and negligible
decoherence are essential. For use in quantum computing
the condensate must first be loaded into the ground state
of the lattice. This is typically done by adiabatically in-
creasing the lattice depth (see, for example, Refs. [11, 14])
or evaporative cooling in a hybrid trap [18]. However, for
the case where the quasi-momentum q approaches the
boundary of the first Brillouin zone (at q = ±h¯k, where
k = 2pi/λ is the lattice wave-vector), the adiabatic load-
ing method fails due to the initial degeneracy of the Bloch
bands.
In this paper we report a new scheme for rapid (non-
adiabatic) loading into the ground state of an optical
lattice at q = h¯k. A Bose condensate is placed in a
weak moving lattice which induces Rabi cycling between
two momentum states, 0 and 2h¯k, via Bragg scattering
[19]. We show that by simply “jumping” the phase of the
periodic standing wave potential after a 3pi/2 pulse, we
are able to transfer the entire population to the lattice
ground state. We present a convenient geometrical repre-
sentation (using the Bloch sphere [20]) which is a useful
tool in predicting the outcome of our two-state manip-
ulations. Our atom-optical scheme is adapted from the
methods developed by Hartman and Hahn [21] to gen-
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erate spin-locked states in nuclear magnetic resonance
[22] and Bai et al. [23] to produce stationary dressed
atomic states in resonance fluorescence [24]. A similar
adaptation of the NMR technique was recently used by
Schmidt-Kaler et al. [25] to demonstrate a Cirac-Zoller
controlled-NOT quantum gate with trapped ions [26].
The potential of a one-dimensional optical lattice
formed by two counterpropagating laser beams is given
by
V (x, t) =
V0
2
[1 + cos(2kx+ δt)] (1)
where V0 is the lattice depth and δ is the frequency dif-
ference between the two beams. A Bose-Einstein con-
densate suddenly loaded into such a potential can be
described in terms of Bloch eigenstates, which are a su-
perposition of plane-wave states separated in momentum
space by 2h¯k. When loading into a weak lattice at the
Bragg condition q = h¯k the eigenstates can be approxi-
mated as
φ0 =
1√
2
(e−ikx + eikx), (2)
φ1 =
1√
2
(e−ikx − eikx)eiωt (3)
in the rest frame of the lattice. The standard two-photon
Rabi frequency ω [27] at the Bragg condition is propor-
tional to the energy difference between the eigenstates.
In the low-depth limit (which applies here) this energy
gap is half the depth of the optical lattice [28]. Our
approximation relies on the assumptions that the initial
BEC is a plane wave, that only the lowest two eigenstates
(φ0 and φ1) are involved, which is valid for a weak lat-
tice, and that mean-field effects can be ignored. After
loading at these conditions the system Ψ is in an equal
superposition of the two eigenstates [29] such that
Ψ(t) =
1
2
(1 + eiωt)e−ikx +
1
2
(1− eiωt)eikx, (4)
leading to Rabi flopping between the two plane-wave
states e−ikx and eikx at frequency ω.
If a sudden phase shift θ, is applied to the lattice at
t = tθ then this is equivalent to shifting both plane wave
2states by θ/2 (i.e. kx→ kx+ θ/2) and keeping the origin
of the lattice unchanged so the wavefunction becomes
Ψ(t = tθ) =
1
2
(1+eiωtθ )e−ikxe−iθ/2+
1
2
(1−eiωtθ )eikxeiθ/2.
(5)
Since we have chosen our reference frame so that the
lattice remains stationary, equations (2) and (3) are still
eigenstates of the system. To find the new population
amplitudes we write
Ψ(t = tθ) = a0φ0 + a1φ1 (6)
and obtain
a0 =
1√
2
(cos
θ
2
− ieiωtθ sin θ
2
) (7)
a1 =
1√
2
(cos
θ
2
− ie−iωtθ sin θ
2
). (8)
If we choose tθ such that ωtθ = pi/2 (3pi/2) and choose
θ = pi/2 (−pi/2), we get a0 = 1 and a1 = 0 so that the
system is purely in the ground eigenstate. Or by selecting
θ = −pi/2 (pi/2) for ωtθ = pi/2 (3pi/2) we get the entire
population in the φ1 eigenstate. For other choices of ωtθ
and θ the system remains in a superposition state.
In our experiment we begin by making a 87Rb Bose
condensate containing approximately 2 × 104 atoms in
the F = 2, mF = 2 hyperfine state. The condensate is
formed (as described in Ref. [30], but with minor modi-
fications [31]) in a time-averaged orbiting potential trap
with harmonic oscillation frequencies of ωr/2pi = 71 Hz
radially and ωz/2pi = 201 Hz axially. After evaporation
the trap is relaxed to ωr/2pi = 32 Hz and ωz/2pi = 91 Hz
over a period of 200 ms. The condensate is released from
the trap and an optical lattice is applied after 1.7 ms
of free expansion, at which time the condensate extends
across approximately 20 potential wells. Under these
conditions we can ignore mean-field effects. The lattice
is applied with pulse lengths between 100 µs and 350 µs.
We probe the condensate using absorption imaging after
an additional 8 ms (to allow the diffracted momentum
components to separate).
The optical lattice is formed using a pair of counter-
propagating laser beams derived from a single beam,
which is detuned 4.49 GHz from the 5S1/2, F = 2 →
5P3/2, F
′ = 3 transition (giving a spontaneous emission
rate of 29 s−1, i.e. negligible for our purposes). A double-
pass acousto-optic modulator (AOM) is used in each
beam for altering its frequency and switching the lat-
tice on and off. The relative phase of the lattice beams
is switched by altering the phase of the RF signal to
one of the AOMs. The uncertainty in the phase shift is
±0.02 rad. Each beam has a 1/e2 intensity halfwidth of
1.0 mm and an average intensity of 6.8 mW/cm2. We set
the frequency difference between the two lattice beams to
give a quasi-momentum of h¯k (the first-order Bragg res-
onance condition [5]).
Figure 1 shows Rabi cycling between the 0 and 2h¯k
momentum states, as predicted by Eq. 4. We measure
100 150 200 250 300 350
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
PSfrag replacements
Pulse length (µs)
F
ra
ct
io
n
in
2h¯
k
st
at
e
FIG. 1: Resonant Rabi cycling of a Bose-Einstein condensate
between 0 and 2h¯k momentum states. The Rabi frequency
ω/(2pi) = 7.5 kHz gives a lattice depth of ≈ 4ER. Each
point is an average of three data points and we estimate the
uncertainty in the fraction to be ±0.1. The solid line is a
sinusoidal fit to the data.
the fraction of the total number of atoms with 2h¯k mo-
mentum for various lattice pulse lengths. The measured
Rabi frequency is 2pi×(7.5±0.3 kHz), from which we cal-
culate the lattice depth to be approximately 4ER (where
ER = h¯
2k2/2m is the recoil energy). Based on a projec-
tion of the initial state onto the Bloch states, we predict
more than 98% population is in the lowest two eigenstates
for this lattice depth, so our two-state approximation is
valid.
We now investigate the effect on the Rabi cycling of
“jumping” the phase of the lattice. In the first case we
choose the time for the phase jump tθ such that ωtθ is
equivalent to 3pi/2 (i.e. equal populations in the 0 and
2h¯k states) and perform a −pi/2 phase shift. The results
of this are shown in Fig. 2. The suppression of Rabi
cycling after the phase shift demonstrates that we have
successfully loaded the BEC into a single lattice eigen-
state, the ground eigenstate, as predicted by Eqs. (7) and
(8).
Since we have a two-level system, the Bloch sphere [20]
can be used to quickly predict the effect of any phase
shift applied at any time in the Rabi cycle. We choose a
Bloch sphere with the two plane-wave states at the poles
because we measure the condensate momentum states
(corresponding to e−ikx and eikx in the lattice frame).
The torque vector Ω [27] (about which the Bloch vector
ρ precesses) initially lies along the u-axis. Upon applying
a 3pi/2 pulse, the Bloch vector lies along the −v-axis, as
indicated by ρ′ in Fig. 2(b). A −pi/2 phase shift causes
a −pi/2 rotation of the torque vector, thus aligning the
torque vector parallel to the Bloch vector. This corre-
sponds to the entire population in the ground eigenstate
φ0, which leaves the plane-wave populations fixed in time
as we have demonstrated in our experiment. Alterna-
tively, the combination of a pi/2 pulse and pi/2 phase
shift also gives the same result. Anti-alignment of ρ and
Ω (for example a pi/2 pulse followed by a −pi/2 phase
shift) would represent loading of the φ1 eigenstate.
The apparent small modulation in the data after the
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FIG. 2: (a) The effect of a −pi/2 phase shift of the optical
Bragg potential. The phase shift was applied at a time equiv-
alent to a 3pi/2 pulse, indicated by the dashed line, resulting
in loading of the ground eigenstate. The solid line is a the-
oretical prediction. (b) A representation of the experiment
on a Bloch sphere, where ρ and Ω are the initial Bloch and
torque vectors respectively. Immediately after the phase shift
they are represented by ρ′ and Ω′ .
application of the phase shift indicates that the eigen-
state may not have been perfectly loaded. Such a mod-
ulation can arise due to slightly unequal populations in
each momentum state at the time of the phase shift, and
uncertainty in the magnitude of the phase shift. However,
for our experiment the fluctuation in the data is within
the shot-to-shot variation. This scheme for loading the
ground state of a weak optical lattice can be realized for
times as short as t = pi/(2ω), which for our 4ER deep
lattice is 30 µs. This is much faster than the adiabatic
method which can take on the order of milliseconds [8].
We now repeat the experiment shown in Fig. 2 but with
a −pi phase shift, and the result is shown in Fig. 3(a). In
this case, after the −pi phase shift the torque vector Ω′
now lies along the −u-axis causing the Bloch vector to
precess in the opposite direction, so that the cycling of
population reverses. This is due to a pi phase change
induced between a0 and a1, giving a wavefunction of the
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FIG. 3: (a) The effect of a −pi phase shift to the optical
lattice. The phase shift was applied at a time equivalent to a
3pi/2 pulse, indicated by the dashed line. (b) A representation
of the experiment on a Bloch sphere.
form
Ψ(t ≥ tθ) =
1
2
(1− eiω(t−tθ))e−ikx + 1
2
(1 + eiω(t−tθ))eikx.
(9)
In summary, we have demonstrated non-adiabatic
loading of a Bose-Einstein condensate into the ground
state of a weak optical lattice at a quasi-momentum of
q = h¯k. Our method relies on applying a ±pi/2 phase
shift to the lattice at a time when the populations in
the two momentum components of the BEC are equal.
Although this scheme does not inherently rely on the co-
herence of a condensate, its narrow momentum width
ensures that the system is confined to a narrow region
about the Brillouin zone boundary. We have used the
cessation of Rabi cycling as the signature of having only
one eigenstate populated. This phase-shifting technique
can be used to manipulate the phase between the two
Bloch bands of the optical lattice to give any superpo-
sition state, depending on the magnitude and timing of
the phase shift. In the case of a weak optical lattice,
the effect of such manipulations on Rabi cycling can be
4predicted using the Bloch sphere representation.
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